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Lipoxygenases (LOX,2 linoleate:oxygen oxidoreductase, EC 1.13.11.12) catalyze the oxygenation, by molecular oxygen, ofcertain unsaturated fatty acids (e.g. linoleate and linolenate) in which a cis,cis-1,4-pentadiene structure is converted to a conjugated hydroperoxide (2) . LOX activity is nearly ubiquitous in the plant kingdom (9, 12) . Soybean seed is an especially rich source, and its LOX 1 isozyme was one of the first enzymes to be crystallized successfully (25) . In spite of its long history, the role of LOX in plants is still controversial.
Three LOX isozymes have been isolated from soybean seeds and are designated LOX1, LOX2, and LOX3 (2) . All three are monomeric globular proteins with mol wt of approximately 100,000 (4 by differences in reaction pH profile, isoelectric point, substrate specificity, and calcium dependence (4, 30) . LOX1 prefers C-13 of linoleate as the hydroperoxidation site, while LOX2 and LOX3 utilize either C-9 or C-13 (2, 8) . With linoleic acid as substrate, LOX1 is maximally active at pH 9.0, LOX2 has a peak of activity at pH 6.8, and LOX3 exhibits a broad pH activity profile centered on pH 7.0 (2).
LOXs are postulated to be involved in senescence (7, 10) . It was observed that an increase in LOX activity during senescence led to an acceleration of intracellular free radical production. Indeed, free radicals have been implicated in membrane deterioration and loss of important physiological functions in both senescing and stressed plant tissues (6, 7). Vick and Zimmerman (28) suggested that LOX initiates the reactions leading to jasmonic acid, a compound known to promote plant senescence (27) . The involvement of membrane-associated LOX and of lipid hydroperoxides in the conversion of 1 -aminocyclopropane-1 -carboxylic acid to ethylene by microsomes was reported by Lynch et al. (19) .
LOX activity is elicited during insect interactions with plants (16) and in response to wounding (12) . Hitchcock and Nichols (17) proposed that traumatic acid was formed from hydroperoxides of linoleic and/or linolenic acids. They identified traumatic acid and traumatin as active principles of wound hormone.
Even though three abundant LOX isozymes are found in mature soybean, increases of LOX activity during germination have been reported (18, 20) . Holman (18) found an increase in LOX activity which peaked at about 2 d. Similar increases in LOX activity during early germination were reported in wheat (13) , pea (1), rice (20) , and barley (29) . Anstis and Friend (1) reported that etiolated 10-d-old pea seedlings contained large quantities of the stem-specific and one of the leaf-specific LOX isozymes. In soybean, LOX2 and LOX3 activities were maximal between d 4 and 7, while LOX1 activity decreased upon germination (15) . Recently, Ohta et al. (20) found that LOX activity of 3-d-old rice seedlings was 20 times higher than that of ungerminated seed and that cycloheximide inhibited the increase in LOX activity.
In the work here, we examined whether the LOX activity increase upon soybean germination is due to an increase in one or more of the three preexisting embryo LOX species or to production of new LOX isozymes.
MATERIALS AND METHODS Plant Material
The 'standard' cultivar was Glycine max (L.) Merr (26) . After blotting, the nitrocellulose filter was rinsed briefly with water, blocked for 1 h at room temperature in 5% (w/v) dry milk in TBS (20 mm Tris, 500 mm NaCl [pH 7.5]), followed by a 2 h incubation at room temperature in 10 mL blocking solution containing 50 ,uL (1:200 dilution) of anti-LOX1 rabbit serum (a gift from Dr. David Hildebrand, University of Kentucky). After a brief rinse in water and two 10 min washes in TBS, the nitrocellulose filter was incubated for 1 h at room temperature in 20 mL blocking solution containing 20 ,L (1:1000 dilution) horseradish peroxidase-conjugated anti-rabbit IgG goat serum (Sigma) followed by a brief water wash and two 10 min washes in TBS. For the horseradish peroxidase color reaction, the nitrocellulose filter was placed in a solution containing 50 mL TBS and 60 ,L 30% (w/v) hydrogen peroxide. The reaction was initiated by addition of 10 mL of 0.3% (w/v) 4-chloro-l-napthol in methanol and continued until the desired color intensity was achieved (5-10 min). The filter then was soaked in water for 10 min to stop the reaction prior to photography.
Radiolabeling of Nascent Proteins in Germinating Seeds
Single After drying, the gel was packaged at -70°C with x-ray film (Kodak X-Omat RP) for autoradiography.
RESULTS

Tests of LOX-Null Mutant Phenotypes
Protein extracts (300 ug) of individual mature seeds of standard cultivar Williams and mutants (lxi: PI 133.226, 1x2: PI 86.023, 1x3: Wasenatsu) null for each of the LOX isozymes were resolved by IEF. Gels stained for both LOX activity and total protein showed that the 1x3 genotype lacked LOX3a and LOX3b by both staining criteria (not shown). Unexpectedly, IEF showed that lxi seeds contained low levels of LOX-1 protein while 1x2 had low levels of LOX2 by the criteria of protein (Coomassie) or activity staining ( Fig. la; for clarity, only the section of the gel with LOX bands is shown). Note also that 1x2 contains a polymorphism for LOX 1 (starred band, Fig. 1 ). The LOX 1 identity of this more acidic variant is consistent with its activity staining at pH 8.5, a pH at which LOX2 and LOX3 are virtually inactive (2) (results not shown).
The results shown in Figure la are at variance with the reported complete lack of the respective LOX isozymes in the lxi (14) and 1x2 (5) genotypes. When IEF gels were overloaded (3000 jug protein) both lxi and 1x2 extracts showed active LOX species at the expected position of LOX1 and LOX2, respectively (Fig. lb) . Again, there was no detectable LOX3 activity in the 1x3 genotype (Fig. lb) , an observation consistent with the virtual lack of LOX3 transcript in 1x3 (23) .
All seeds employed here were the progeny of selfed greenhouse-grown null plants. We have never observed cross-pollination in the greenhouse and thus discount the explanation that lxi and 1x2 showed low levels of LOX 1 and LOX2, respectively, because they were actually heterozygotes sired by contaminating LX pollen. Extracts of 10 individual lxi and 1x2 seeds gave the same results (not shown).
Cotyledonary LOX Isozymes Decrease during Germination While New Species Appear in the Hypocotyl/Radicle
Williams seedlings, harvested 2 to 5 d after the start of imbibition (radicles emerged 24 h after placing seeds on moist germination paper), were divided into cotyledon and the remainder (HR). Water-soluble fractions of each were resolved by IEF. Cotyledonary LOX 1, LOX2, LOX3 decreased both in total activity and in protein level during d 2 to 5 of germination (Fig. 2) .
In contrast to LOX1, LOX2, and LOX3 new LOX species appeared upon germination in the cotyledons and especially in the HR sections. Their activity and protein level persisted throughout germination (Fig. 2) . These new species consist of one major and two or three minor species. All have more acidic pIs than the three cotyledonary LOXs. We are reasonably certain that the faint bands of identical pl in germinating cotyledons do not come from hypocotyl/radicle contamination. Results not shown demonstrate that the new HR LOX species appeared between 24 and 48 h.
That the Coomassie and activity stain banding patterns are almost identical indicates that LOXs are the predominant proteins on the IEF gel of Figure 2 . However, this does not imply that LOXs are the major cotyledon and HR proteins because water extracts were employed, thus solubilizing only albumins, and only those water-soluble proteins with pIs between 5 and 7 were resolved.
Expression of Hypocotyl/Radicle Species in Germinating Seeds of LOX-Null Genotypes
To determine if the HR-enriched LOXs are expressed in each of the three LOX-null mutants, their germinating seeds were analyzed by IEF as above (Fig. 3) . Williams and each LOX-null mutant showed equivalent levels of a major and a minor new LOX species in HR extracts. Thus, the germinating HR LOXs appear to be genetically distinct from the dormant seed LOX's. In 1x2 the major new HR LOX was detected at a more basic position from the major LOX of the other varieties.
LOX Identity of the HR Species
LOX is a non-heme iron oxidative enzyme which is characterized by its insensitivity to cyanide and its inhibition by (Fig. 4) . It is noteworthy that the HR sections exhibited low levels of the 'cotyledonary' LOX-1 species which is lacking in lxi and which shows polymorphisn in 1x2 (Fig. 4) . The new LOX species were active at pH 7.0 but not at 8.5 (data not shown). LOX 1 has maximal activity at pH 9.0 while LOX2 and LOX3 are maximally active at neutral pH (2) indicating that the new LOX species resemble LOX2/LOX3 more closely than LOX 1 in pH preference. major HR LOX species was excised from its IEF gel and subjected to SDS polyacrylamide (10%) gel electrophoresis which revealed that the major radioactive species was approximately 100,000 D (Fig. Sb) , the size expected for lipoxygenase (4) .
DISCUSSION
During the first 5 d of germination, at least two LOX isozymes, with pIs different from LOX 1, LOX2, and LOX3, become highly active in the hypocotyl/radicle while activity and protein levels of LOX1, LOX2, and LOX3 decrease in cotyledons. Our finding of low levels of LOX 1 and LOX2 in the lxi and 1x2 genotypes (Fig. 1), Hildebrand and Hymowitz (15) found that LOX2 plus LOX3 activity increased during soybean germination while LOX 1 activity decreased. Our work (Fig. 2) shows a decrease of LOX 1, LOX2, and LOX3 cotyledon activity bands upon germination while the new LOX isozymes are evidently active at least during 2 to 5 d after germination. It is possible that the LOX activity assay Hildebrand and Hymowitz employed detected the LOX2 and LOX3-like activities we observe in the hypocotyl/radicle.
We conclude that the enzymes induced upon germination are LOX based on the following criteria: (a) They are not inhibited by 1 mm KCN. All LOX activity staining of IEF gels included 1 mM KCN. Heme-catalyzed peroxidations are inhibited by cyanide (24) . (b) They are inhibited by nPG and by SHAM at 5 mm. Guss et al. (13) partially purified an activity from wheat seedlings which they identified as LOX based on its lack of inhibition by 1 mm KCN and by its inhibition by antioxidants such as nPG. nPG was later shown to be an inhibitor of LOX by scavenging hydroxy free radicals (3) which are intermediates of LOX action on its fatty acid substrate (24) . Ohta et al. (20) reported that the LOX species of rice seedlings were inhibited by nPG. SHAM, an inhibitor of non-heme iron (cyanide-insensitive) oxygenases, inhibits LOX (21) . (c) They reveal activity bands upon LOX but not POX activity staining. (d) The active LOX bands comigrate with proteins recognized by polyclonal anti-LOX 1 antiserum which cross-reacts with LOX2 and LOX3 (23) (Fig. 4) .
Our observation that at least one of the germination-stimulated LOX species accumulates radioactivity from [35S]methionine indicates that this HR species is synthesized de novo during soybean germination. This is in agreement with the report of Ohta et al. (20) who found that the increase in LOX activity during rice germination was inhibited by cycloheximide, an inhibitor of eukaryotic cytoplasmic protein biosynthesis. The role of LOX in germinating soybean is yet to be determined.
